In this work different patented optical sensing solutions are reviewed, mostly for their application of measuring fluid level within tanks, containers or bio-mass boilers in condominiums, thus providing an intrinsically safe sensing sce-nario within harsh and hazardous environments, due to the passive nature of light. In general, the intensity modulation of the light is very attractive since it is simple in concept, reliable, and can produce optical sensors which offer a wide range of applications at lower costs, thus facilitating their final commercialization and market spread. The optical sensing solu-tions discussed in this work include a fiber-optic sensor for fluid detection/level with intrinsic self-referencing property thus solving one of the main drawbacks when using intensity-based sensors, namely the undesirable and unexpected opti-cal power fluctuations when operating. Moreover, a low-cost intensity-based POF sensor for fuel level measurements in paramotoring and powered paragliding is presented. It features a very simple and a very low-cost solution for these sports, attending the increasing demand of new and more sophisticated embedded sensors in the flight instrumental. Going on from this, a fiber-optic fluid level sensor for a range greater than 2m is described. The system uses a single lens and a sin-gle fiber but being possible to increase the measuring safety area by optical multiplexing. Finally, a fluid level sensor based on a Light Dependent Resistor (LDR), which includes a temperature control scheme, is presented. Its final embodi-ment design is also shown and described.
INTRODUCTION
Fiber-optic sensors exhibit a set of very attractive characteristics, including immunity to electromagnetic interference, small-sized capability, resistance to hostile environments that may comprise hazardous chemicals or of any other kind, geometric versatility, ruggedness, sensor multiplexing and distributed sensing over a single fiber. On the other hand, their main disadvantages are sometimes the high cost (compared to other technologies) as well as the unfamiliarity of the end user. There are numerous realizations of fiber-optic sensors but one extensively investigated transducing mechanism in optical sensing applications is the intensity modulation of the propagating light. Approaching simple configurations, intensity sensors modulate the optical power loss as the physical magnitude changes, thus providing the measurement as an optical intensity modulation signal. They have been demonstrated in literature to be very reliable, simple in concept, easily made selective to specific measurand, easily integrated in optical networks by means of different multiplexing techniques, and a cost-effective sensing approach for a wide range of applications. In contrast, interferometric sensors display an extremely high resolution [1, 2] , but they require complex detection schemes and they are sensitive to ambient pressure and other environmental variations.
*Address correspondence to these authors at the Electronics Technology Dpt., Universidad Carlos III de Madrid, Avda. de la Universidad 30, 28911, Leganés (Madrid), Spain; Tel: +34 91624 9191; +34 91624 8865; Fax: +34 91624 9430; E-mails: cvazquez@ing.uc3m.es; dsmontero@ing.uc3m.es These intrinsically safe intensity-based FOS can measure a wide variety of physical magnitudes such as temperature, pressure, humidity or displacement among other measurands [3, 4] , and optical fiber applications such as remote optical sensing, biosensors, civil engineering, military applications and satellite communications can be developed and still raising. Despite their attractiveness due to the aforementioned advantages, fiber-optic intensity-based sensors have a series of limitations imposed by variable losses in the system that are not related to the environmental effect to be measured. Unpredictable changes in losses can be caused by passive components such as fiber leads, beam splitters, optical couplers or connectors, which may change in time and because of aging and environmental conditions. In free space optics intensity measurements, environmental light can be treated as noise. In reflection, sensor changes on the reflectivity of the surface can also be considered as a noise source. Additionally, random power fluctuations of optical sources at the input of the network and detector responsivity changes can induce an intensity noise added to the desired signals. All those effects directly affect the accuracy of the measurements. Nevertheless, different self-referencing strategies to overcome the shortcomings related to this intensitymodulation encoding technique have been investigated and reported in literature. Configurations based on more than one receiving (multimode) fibers have been applied, as in [5] , for acceleration measurements in large rotating machines. Other authors have proposed to minimize the detection of the illumination pattern performed at the end of an emitting optical fiber by means of a photodiode linear array, as in [6] , with biomedical applications such as air flow rate measurements supplied by infant ventilators. Systems based on Fiber Bragg Gratings (FBGs) have also been developed, in which the sensing information is encoded into a wavelength shift which is not directly affected by extraneous optical power changes [7] . A general overview of different self-referencing techniques can be seen on [8, 9] .
On the other hand, over the past years, intensive research and development efforts have produced a large body of fiberoptic sensor technology [10] , based both on multimode (MMF) and singlemode (SMF) fibers. Considering multimode optical fibers, an optical sensor for monitoring the corrosion of aluminium alloys is reported in [11] with applications in modern military aircraft maintenance. Another example of MMF fiber-optic sensor is the optical hydrophone reported in [12] for high-frequency measurements of ultrasound fields up to 100MHz. On the other hand, singlemode fiber optical sensors have also been widely employed, as the solution reported in [13] in which a self-referencing fiberoptic pressure sensor is developed based on a white light Michelson interferometer obtaining dynamic ranges from 0 to 38.08MPa with a resolution of 0.03MPa. Another example of SMF optical sensor is reported in [14] in which temperature is measured through a SMF taper. It should be outlined that in the optical sensing field, Polymer Optical Fibers (POFs) are also experiencing a big growth because they present numerous advantages such as easier handling (more flexibility) and lower cost compared to silica optical fibers. These are some reasons why new POF-based sensors have appeared and are still appearing, most of them based on optical power intensity detection, i.e. they are intensity-based. A recent POF-based sensor example is the work reported in [15] for temperature monitoring, and its integration in a wireless sensor network [16] . And novel special structured polymer optical fibers are receiving enormous attention in the sensing field in the past few years [17] .
Focusing on liquid level fiber-optic sensor solutions, optical fibers have been used for measuring liquid levels in many forms. Some are non-intrusive sensors based on light attenuation while passing tank walls as in [18] , but being only useful in transparent tanks. This latter solution poses another problem because the light can undergo undesired reflections or refractions which can distort the measurements. Others used SMFs of reduced aperture [19] for short distances, being simply intrusive schemes [20] , intrusive large arrays of individual fluid-sensitive transducers [21] or fibers with clad and unclad zones [22] . In other systems, the measurement is non-intrusive and it is based on the light reflection on the surface of the liquid [23] . Transducers for point measurements in control level devices are reported in [24, 25] while others allow continuous measurements [26] . Evanescent field effect, in which the light undergo total internal reflection (TIR), has also been proposed for fluid level measurements as in [27] , by means of a prism attached to optical fibers and exposable to a fluid. Nevertheless, the latter solution suffers from the problem that the light launched into the prism tends to scatter and spread, even under conditions of TIR, thus very little light is returned to the detector and objective lenses need to be used. On the other hand, for increasing the sensitivity, bends [28] plus cladding removal and partially core polished [29] can be especially done on POF fibers. Other solutions take advantage of the fact of using silica-based tapered fibers, as in [30] , reporting a fiberoptic refractometer.
Additionally, the capability to passively multiplex a number of sensors on a limited number of fiber leads is a desirable feature of sensor systems from the standpoint of reducing system costs. Passively multiplexing fiber optic sensors maintains the passive nature of the fiber optic sensor and permits totally passive networks of fiber optic sensors to be built. Generic multiplexing approaches based on time, frequency and wavelength-based techniques have been developed and implemented [31] [32] [33] . In many cases, these approaches are analogues to the multiplexing schemes developed for optical fiber communications systems. And can take advantage of many of the fiber-based modulators, frequency shifters and wavelength combiners and splitters developed for communications in order to implement the sensor network. Moreover, these fiber optic intensity sensors can be easily integrated in wavelength-division-multiplexed (WDM) networks, and fiber Bragg Gratings (FBGs) can be used in them for remotely addressing multiple points. This approach provides an effective and compact strategy for exploiting fiber links for both propagating directions of the light with a single fiber lead, thus operating in a reflective configuration, as well as opening up WDM capabilities. Furthermore, the use of CWDM devices has been demonstrated to optimize the power budget of the sensor network taking advantage of the low insertion losses of such devices pro- Fig. (1) . General scheme of a bidirectional fiber link for remotely addressing fiber-optic intensity sensors (FOS) with a reflective configuration in the sensing point vided by the manufacturer [34] . In these configurations the transmission and reception stages can be located in a single point, namely central office (CO). From this central office the light is leaded to the remote sensing point through a fiber link and the reflected light, which comprises the information of the sensor-induced intensity modulation, returns to the central office through the same fiber link. A general scheme of a reflective topology can be seen in Fig. (1) .
The goal for the work presented here focuses on recent developed and patented fiber-optic intensity-based sensors for liquid level detection. These latter will be further described in the following sections.
INTENSITY-BASED OPTICAL SENSORS FOR LIQ-UID LEVEL DETECTION
Industry frequently needs to measure fuel levels in tanks such as public-transport systems or service stations and any other large containers which mean harsh or highly flammable environments, as in the case of petroleum derivatives. Traditionally, in the case of gasoline stations, a common measurement method is to plunge a measuring rod into the underground tank to determine the fuel level. This rudimentary method tends to be slow and inefficient. In automotive industry the fuel is measured by a float connected to a variable resistance indicating the level of the liquid inside the tank. The main disadvantage of this system is that an electrical current must be introduced into the flammable (or simply conducting) liquid. Same reasoning can be applied to the case of bio-mass boilers to be used in condominiums and building. In this section an overview of recently developed and patented fiber-optic sensors for liquid level detection for different applications will be described, thus providing an intrinsically safe liquid level measurement scenario thanks to the passive nature of the light and the optical fiber, respectively.
Self-referencing Intensity-Based Polymer Optical Fiber Sensor for Liquid Detection
As previously reported, the main drawback of fiber-optic intensity-based sensors is that they are susceptible to two dominant types of errors. The first one caused by the variable optical losses suffered by the signals propagating through the series of optical components comprising the system. And the second caused by thermal instabilities (caused by ambient temperature changes and/or electrical heat dissipation) of the optical source(s) and detectors. These optical variations will be additionally added to the intensity changes introduced by the measurand. The resulting error signal may therefore include contributions from the optical source, variable losses in the connecting fibers and couplers, sensitivity changes at the detector, and the sensitivity of the system to environmental perturbations. These undesirable variations in the power loss are inevitable in practical engineering applications, especially those that involve remote operation, and in constrast key issues to minimize these effects must be addressed. Consequently intensity sensors, especially in remote configurations, need a self-referencing method to minimize these influences of long-term aging of source and receptor characteristics. Additionally, undesirable random short-term fluctuations of optical power loss in the fiber link connecting the central office, where the measurements are taken, to the remote sensing points, where the optical sensors are located, need to be compensated. In this section a self-referencing strategy even integrated in the remote sensing point to overcome those undesirable power fluctuations has been recently developed and patented [35] .
The fiber-optic sensor developed performs an intrusive discrete-multipoint measuring device. It consists of a polymer optical fiber (POF)-based coupler, located in each measuring discrete level, that changes its coupling ratio (K) depending on the different refraction indexes around it (provided by different alternative liquids surrounding the sensor). This is possible for specific liquids, in this work it has been tested for tanks full with water or oil. This fact can open up the election of decision thresholds of the received photosignal at the optoelectronics reception stage. The advantage of using a coupler as a sensor device is based on the fact that undesirable variations of the optical power at any point of the link between the emitter and receiver do not change the value of K, because it equally affects both sensor outputs (namely P2 and P4). Consequently, the ratio between them, i.e. coupling ratio K, is unaltered. For the same reason it is neither necessary to modulate the source to eliminate the effects of the environmental light, which can bring cost saving in sensor networks. This is in contrast to the work reported in [36] , in which a fiber-optic SMF coupler is developed for measuring the temperature of a surrounding index matching oil. In this latter case, a reference optical fiber lead was needed to assure self-reference property, i.e. to normalize out any laser output fluctuations which would otherwise be interpreted as temperature variations.
The sensing area has been obtained by a 3 step process: introducing bending losses, eliminating the fiber cladding and polishing a defined fraction of the fiber core. Some illustrative schemes of the fiber-optic sensor are shown comprising Fig. (2a) . This technique has been proved to increase the sensitivity of the sensor with respect to the refractive index of the surrounding medium [29] . Patents [37, 38] follow the same concepts as aforementioned but lack of providing intrinsic self-reference property.
From Fig. (2a) P 1 is the input port, and P 2 and P 4 are the direct and coupled output ports of the sensor, respectively. The coupling ratio of the device is defined as K = P 2 / (P 2 + P 4 ). From Fig. (2a) L r , R and g define the leakage of optical power due to light radiation from the fiber core, directly related to the Fresnel transmission coefficient, see Eq. (1); the curvature radius applied at the sensing area; and the gap between the cores of the two fibers at the coupling area, respectively. Parameter Ā indicates the fiber polishing depth, see inset III of Fig. (2a) . A photograph of the manufactured sensor device is shown in Fig. (2b) [39] . (1) where is the angle of incidence for a certain beam with the normal to the core surface and is the critical angle defined as , being and the core and cladding refractive indices, respectively. For the beam will be refracted from the fiber core increasing the power losses. From (1) it can be deduced that the greater the value of the greater the value of L r is obtained. The radiated losses (refracted light from the fiber) can be expressed as , where is the input optical power before the sensing area."
The principle of operation is the following. By introducing a bend on a multimode fiber, the higher-order propagating modes in the fiber are refracted because the angle of incidence increases in the interface core-cladding. This refracted light produces an increase of the power losses in the receiver, directly related to the Fresnel transmission coefficient, which is a function of the angle of incidence for a certain beam with the normal to the core surface and the critical angle of the optical fiber. The greater the angle of incidence, the greater value of L r can be obtained. Thus, the optical power is transferred and guided in the fiber cladding due not only to the curvature, but also due to the polished core, see Fig. (2a) . When the sensor is immersed into different liquids, these losses change because of the different refractive indexes surrounding the coupler which means a variation of the coupling ratio K of the sensor and, therefore, a variation of optical power at port P 4 at the reception stage. If the surrounding liquid is oil, its refractive index (n oil = 1.46) becomes very similar to that of the fiber cladding (n cl = 1.417) and all the modes guided through the cladding are refracted outside the fiber. In that case, the value of L r increases whereas the optical power at port P 4 decreases. Consequently, the coupling ratio K increases and the coupler becomes more directive. As the liquid refractive index decreases (n water = 1.33 or n air Ā 1) more optical power is guided again into the fiber core, increasing the optical power received in port P 4 . In that case, K decreases. And this change of K can be measured. Consequently, it is possible to distinguish the air-to-liquid interface change depending on the measured value of this parameter.
The characteristics of the manufactured fiber-optic sensor are n co = 1.492 and n cl = 1.417 with a measured polishing depth of = 0.23 ± 0.01mm. Both coupler arms have been joined by gluing over the length of the sensing area (3 cm of polished fiber) with no-gap interface (g = 0). Coupling ratio values for Carthamus tinctorius oil (n = 1.466) and water besides air surrounding the sensor have been experimentally measured. It has been taken five measurements for each sensor configuration (each configuration is determined by the bending radius applied to the sensor and the type of liquid as external media). Defining repeatability as the percentage of the output parameter variation for a determined number of measurement cycles (under the same conditions), the worst case was found to be 1.02% (with R = 25 mm and air as external medium), which is a very good result. All these measurements have been taken for an environmental temperature of T = +29ºC (average value) with a maximum deviation of T = ±3ºC. Additionally, different bending radii, R = 60, 25, 12 and 7 mm at the fiber sensing area have been applied and investigated. Results are shown in Fig. (3) . Moreover, a selfreferencing test has also been done to prove the inherent selfreferencing property of the proposed liquid level sensor. Depending on the liquid surrounding the sensing area, the value of K changes for each fixed bending radius. With proper control electronics and detection schemes the liquid can be distinguished by different decision thresholds. Highest sensitivity is obtained for a bending radius R = 25 mm. For this sensor configuration the following coupling ratios are obtained: K a = 0.545 ± 0.001 (air); K w = 0.563 ± 0.001 (water) and K o = 0.605 ± 0.002 (oil) with coupling ratio increments of K = 0.018 (from air to water); K = 0.060 (from air to oil) and K = 0.042 (from water to oil). Measurement errors are given as standard deviation and are, in all cases, at least one order of magnitude below the average value of K when it changes, depending on the surrounding liquid. Moreover, the independence of the sensor against hypothetical link losses due to its intrinsic self-referencing characteristic has also been tested [39] . From a nominal coupling ratio of K=0.54 a maximum deviation of K = ±0.002 is obtained. The maximum link losses tested are 4dB and are made by bending the fiber into turns using Mode Scramblers, at different points of the fiber link.
Both the simulated [39] and the experimentally measured K results are congruent and show a good agreement between theory and measurements. power transmitted through the fiber, in the field of paramotoring and paragliding, fuel tanks are placed separately enough thus the motor heating source does not affect to the fuel tank and, consequently, to the sensor head. Minimum flight turbulences, horizontal courses and soft turns are the most usual flight conditions in this transport media and so variations in the fuel level measurements due to these circumstances can be also considered negligible in the performance of the sensor head.
POF-based Multi-sensor for Intrinsically Safe Level Measurements
The POF-based multi-sensor for level liquid measurements reported within this section performs a continuous, non-intrusive sensor with no hysteresis. The system allows an intrinsically safe level measurement with a simple, modular and cost-effective solution. It is a simple design using an unique lens to collimate and focus the light and it is based on amplitude variations as a function of the liquid distance [43] and not in time of flight or phase detection, as in [44] . Another proposed technique employs a unique light pulse source, and a photodetector is provided including a threshold activation level of intensity whereby an incoming light pulse having an intensity above/below the threshold produces an on/off indication [45] . However, the incorporated electronic controls are complex since the activation driving laser current for each cycle has to be monitored as well as the need for a proper control of the pulse duration.
The principle of operation is the following. The attenuation of the light transmitted from the sensor, reflected off the liquid surface and returned to the receiver fiber depends on the distance from the sensor head to the liquid surface. A unique lens is used to collimate the incident beam and to focus the reflected beam. The emitter fiber is placed in the lens' focal plane, near the focus and it is considered as a point source. Therefore, behind the lens, there is a collimated beam that is tilted a little angle, referred to the lens optical axis. The beam is reflected by the liquid surface and comes back to the lens, see discontinuous trace in Fig. (6) . Due to the mentioned angle, the beam suffers a lateral displacement that depends on the distance between the lens and the liquid surface, D. Consequently, the lens collects only a part of the beam, whose image is formed on the focal plane, in a pint symmetric to the emitter fiber in relation to the focus, the receptor fiber is placed in this position. Assuming that: (a) the absorption of the laser radiation by the air is negligible in the considered distance range; (b) the emitter fiber is placed in a way that its numerical aperture does not produce any limitation; and (c) the power is uniformly distributed in the laser cross section, the signal generated by the photodiode, which is placed behind the receptor fiber, should be proportional to the rate of the common area S com , see Fig. (6) inset, between the reflected beam and the lens, to the total area of the reflected beam, S tot . As the emitter fiber is very close to the lens focus, the cross section of the reflected beam could be treated as a circumference. If the beam is well collimated, the radius of the lens, a 1 , and the reflected beam, a 2 , should be the same. However, in order to permit a small divergence, the radii are related as: 2 1 2 tan a a D = + (2) where D is the distance between lens and the liquid surface, and is the beam divergence. Taking into account the latter consideration four possible situations can be done: (a) the two circumferences intersect; (b) the lens radius is smaller than the beam one and the distance between the circumferences centers, c, has a value that holds: 2 1 c a a < ; (c) the beam radius has a smaller value than lens radius (slightly convergent beam) and the beam circumference is contained inside the lens one; or (d) the two circumferences do not intersect neither are one inside the other. Monte-Carlo method has been used to fit the model parameters with a good accuracy between the measurements and the fitted curve. A detailed analysis of all these situations is reported in [23] , including the effects when considering a tilt of the liquid surface, which can lead to an additional lateral displacement of the reflected beam. Accordingly, the sensor head has been built following the previous considerations.
A schematic of the multi-sensor, scalable system architecture is shown in Fig. (7a) . Optical fibers are used in the sensor head and for optical multiplexing to address different tanks without using multiple cables. Commercially PMMA SI-POF with 1mm diameter and a 0.47 of numerical aperture (NA) has been used to manufacture the sensor heads. The latter also include the collimating/focusing lens and the mechanical parts to align the sensors perpendicular to the liquid surface. Photographs of two manufactured sensor heads are depicted in Fig. (7b) . The light signal used to measure the level is emitted by the generation unit, transmitted to the tank and collected after being reflected off the liquid surface by Three representative examples of patented fiber-optic intensity-based sensors and a patented LDR-based optical measuring system that demonstrate the capabilities of these optical sensors for measuring and detecting fluid levels in harsh environments such as oil/petrol tanks or bio-mass boilers to be used in condominiums and building have been described in this paper. A comparative between these different solutions is also discussed. They are all intensity-based which has been demonstrated in literature to be very simple and easily made selective to specific measurand leading to a cost-effective solution compared to other sensors. Moreover, they can be easily integrated in optical networks by means of different multiplexing techniques to provide remote sensing measurements. Notes: 1 a previous liquid calibration is needed. 2 directly related to the height in which the sensor is located inside the tank. 3 directly related to the coupling ratio variation. Worst; transition from air to water, RĀ25mm. 4 coupling ratio variation. Worst case; transition from air to water, RĀ25mm. 5 resistance variation. Worst case; transition from air to petrol. 6 fluid height inside the tank, independent from its total volume. 7 depending on the height in which the sensor is located inside the tank.
